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Abstract—The current and massive deployment of non-
synchronous generation is degrading the inertial response in
power systems. The addition of an extra control loop, the so-
called synthetic inertia, can contribute in the improvement of
the frequency response, through an additional power injection.
In this paper, the active damping method is used to enhance
both, the closed-loop current control and the synthetic inertia
control loop. A full aggregated model of a wind turbine generator
(WTG) is integrated in a test system. The results obtained
show an increase in the power injected into the grid, thereby
improving the frequency response after a frequency disturbance.
Moreover, the response of the closed current-control loop and
voltage loop are presented, in order to show their interaction
with the synthetic inertia control.
Index Terms—Synthetic Inertia, Frecuency Response, Non-
Synchronous Generation Integration, Renewable Integration,
Active Damping, Closed Current-Control Loop.
I. INTRODUCTION
THE worldwide concern about the global warming haveresulted in government led initiatives of integrating the
renewable energy into the power grid, for the production of
clean electricity[1]. However, the large scale integration of
renewables confront different challenges such as the provision
of an uninterrupted supply and the stability impact on the
system [2] .
The continuous growth of renewable energy connections
into the grid has been possible due to different power elec-
tronics interfaces and their control. Voltage Source Converters
(VSC) are a mature technology, which is used in Flexible
AC Transmission System (FACTS) and High Voltage DC
(HVDC) applications [3]. This technology has enabled the
interconnection to systems operating at different frequencies
and voltages.
One of the aspects that needs consideration is the require-
ment of maintaining the frequency stability boundaries in the
system [4]. The control of the frequency within the nominal
limits and adequate response is important in order to avoid
undesireable events like outages or blackouts [5].
In order to maintain these limits, the frequency control
should act in a manner such that the balance between genera-
tion and load always is met. The frequency response in power
systems can be divided into different time frames. Initially,
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an inherent action named as inertial frequency response is
present, which takes energy from the rotating masses to oppose
a frequency deviation from the scheduled frequency.
In the next stage the automatic governing systems are
activated to keep the frequency deviation to an acceptable
level (primary control), afterwards, secondary control action
is performed which restores the used reserves and the system
frequency to its nominal value.
The frequency response degradation under large penetration
of non-synchronous generation have been emphasized by sev-
eral energy associations and Transmission System Operators
(TSO) [6], [7]. Therefore, the synthetic inertia control has been
formulated and developed by different authors.
The synthetic inertia control can be classified in two cat-
egories [8]. Firstly, the inertia emulated by extracting extra
power from the Wind Turbine Generator (WTG) rotor, and
secondly by deloading the wind turbine to provide headroom
for the frequency regulation.
By applying a slight change in the inverter electrical power
set-point the kinetic energy in the rotor is released [9].This
control action reduces the frequency dip and the rate of change
of frequency (ROCOF) [10], [11]. Nevertheless, this extra
power can only be extracted for up-to 10s [12].
The second method is by deloading the WT by means of
pitching the rotor blades. It is not currently practiced due to
the potential loss of revenue [13],[14]. However, if the WTG
participates in frequency regulation as a system service, the
loss in energy revenue can be compensated [15].
Authors in [16] explains different activation schemes of
synthetic inertia for Full Rated Converters (FRC) in order to
improve the frequency response in a test power system.
In [17], the synthetic inertia control is added to both the
WTG and multi-terminal HVDC transmission system. The
proposed analysis shows the coordination between the inertias’
extracted from both systems.
Additionally, reference [18] presents the effect of wind
integration on the system frequency response on the tie-line
interchanges in an interconnected system.
Most of the WT’s are equipped with a power electronic
converter in order to inject the power into the grid. The control
of the grid connected converters relies on the current control.
The enhancement of the current-control can improve the power
injected to the grid. The frequency response is improved with
the addition of the synthetic inertia control loop. A well proven
method to improve the current-control response performance
is through active damping [19].
The objective of the active damping method is to improve
2the time response characteristics of a system (damping ratio,
overshoot, rise time or settling time) by adding an additional
feedback loop. The active damping method has been used
for several control application purposes, mainly in the field
of AC/DC, DC/DC power converters and motor drives [20].
Recently, the active damping method, has been also applied
to microgrids [21], vehicular power systems [22], and power
distribution operation [23].
The contribution of this paper is based on the application
of the active damping method to enhance the closed current-
control loop and synthetic inertia control loop in order to
improve the power injection, and the frequency response of
power systems under penetration of non-synchronous genera-
tion.
The paper is organized as follows: In Section II the theo-
retical preliminaries of current control and the active damping
method is presented. In section III, the inertial response is pre-
sented and the definition of non-synchronous generation and
its relation with the synthetic inertia are introduced. Section
IV presents the test system and model of the aggregated WTG.
Section V presents the simulation results considering the two
control scenarios; the first one combines the current control
based on active damping method together with the basic
synthetic inertia control loop, whereas the second scenario,
adjust the synthetic inertia loop and remains the current
control developed using the active damping method. Finally,
the conclusions and future work are given.
II. CURRENT CONTROL AND ACTIVE DAMPING
A basic structure of VSC-HVDC system is visualized in
Figure 1. In the figure 1 it is shown the connection of an
AC Source to a grid via back-to-back VSC. Conventional
back-to-back VSC system involves two VSC converters with
identical configurations, connected via a DC link. In this study,
the right-hand side converter, V SC1 is controlling the active
power injected to the grid and subjected to the extra power
injection by the synthetic inertia supplementary control.
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Figure 1. Full Rated Converter
The conventional dq current control has been widely studied
in the literature [24],[25]. A synchronous d − q reference
approach is convenientionally employed to facilitate VSC
control. In this paper the whole system is modeled in the d−q
frame, the Phase-Locked Loop (PLL) block is neglected. The
dynamics of the d− q axes are:
Rid + L
did
dt
= vc,d + ωLiq − vd (1)
Riq + L
diq
dt
= vc,q − ωLid − vq (2)
The inverter decoupled voltage control of id and iq is noted
as follows:
vc,d = uc,d − Lωiq + vd (3)
vc,q = uc,q + Lωid + vq (4)
where, uc,d and uc,q are control signals of the d and q axes
respectively.
The active power controller produces the d-axis current
reference for the inner current controller according to the
active power reference. In a similar way, the reactive power
controller calculates the q -axis currrent reference from the
voltage reference. The direct and quadrature axes are coupled
via coupling terms ωLid and ωLiq . R and L stands for the
equivalent combined resistance and inductance of the phase
reactor and transformer.
Figure 3 shows the block diagram of the conventional d−q
control approach.
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Figure 3. Structural Diagram of the Conventional dq controller
Note that the pulsewidth modulation (PWM) effect has been
neglected in the converter.
The cascade control structure of the inverter is shown in
Figure 2. Active and reactive power converter currents are
controlled in the synchronous reference frame with standards
PI controllers. From equations 1 and 2, the plant for the current
control is given by:
G(s) =
Id (s)
V
′
d (s)
=
Iq (s)
V ′q (s)
=
1
Ls+R
(5)
The active damping loop constant is shown in Figure 4. The
active damping loop is equivalent to the classical feedforward
form to improve the disturbance rejection capability. The iref
refers to both iqand id references. The decoupled system from
v
′
to i has the transfer function:
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Figure 4. Current Control with the Active Damping Loop
G
′
(s) =
1
sL+R+Ra
(6)
As this is a first-order system, a PI control is appropriate:
F (s) = kp +
ki
s
(7)
It has been selected kp = αL and ki = α (R+Ra), where
α = ln (9) /tr, and tris the rise time [19].
III. SYNCHRONOUS MACHINE INERTIA
The swing equation expressed as a first order differential
equation is [26]:
dω
dt
=
1
2H
(Pm − Pe) (8)
where, Pm and Pe are the mechanical and electrical power
respectively and, H is the inertia constant. The block diagram
form representation of the previous equation is shown in the
next figure.
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Figure 5. Block Diagram Representation of Swing Equations
In the block diagram, s is the Laplace variable; it replaces
d/dt of equations 8.
The Frequency Containment Response (FCR) is automati-
cally enforced by speed governors, implemented at conven-
tional generator units. This governor relates the generator
output power to a reference power and the frequency deviation
present in the system. This change in output power is following
the governors droop.
A. Non-synchronous Generation and Synthetic Inertia
Non-synchronous generation in this paper is defined as
when the power is supplied or absorbed through power elec-
tronic converters (DC-AC) to/from the grid system. Voltage
Source Converters (VSC) have been used for wind power
turbines namely, Full Rated Converters (FRC), Doubly-Fed
Induction Generator (DFIG), and High Voltage Direct Current
(HVDC) and Multi-terminal HVDC connection [27].
The non-synchronous generation allows to control active
and reactive power control, however the power generation is
completely decoupled from the system, and is consequently
unable to contribute dynamically to the system [28], [29].
Thus, if the synthetic inertia control option is not added, the
decoupling displaces synchronous machines [30].
The synthetic inertial response is an efficient way to con-
tribute to the system inertia. Different control proposals have
been used to mimic the inertia; some of them add a derivative
term of frequency in the droop control loops equations [31].
The widely used control scheme for the synthetic inertia
control is shown in Figure 6. The derivative of the system
frequency is obtained and the power reference is modified. To
avoid the noise in the measurements, a low-pass filter is used
together with the derivative function block.
d/dtfilterRegulator fsysPinertia
Figure 6. Synthetic Inertia Control Loop
Following the equation 8, the dynamics of the system
frequency fsys are written as:
2Hsys
dfsys
dt
= 4P (9)
The equation above indicates that for a certain power
imbalance 4P = Pm−Pe+Pns between the generation and
load, Hsys is the aggregated inertia
∑
H of a power system
and determines the mean change in the rotor speed. A higher
aggregate inertia reduces the rate of change in angular speed,
leading to an increase in the overall stability of the power
system.
The inertial enhancement control from the non-synchronous
generation Pns is:
Pns = Pord −Fsi dfsys
dt
(10)
where, Fsi is the synthetic inertia regulator and Pord is the
ordinary power supplied by the non-synchronous generation.
Hence, resulting in the following dynamics of the system
frequency:
2
(
Hsys +
Fsi
2
)
dfsys
dt
= Pm − Pe + Pord (11)
Thus, by integrating the inertial control loop, the overall
system inertia can be improved.
IV. SYSTEM DESCRIPTION AND MODELLING
A. Test System
The single line diagram of the test case system is shown in
Figure 7. The test system consists of two fully symmetrical
areas linked together by two 230 kV lines of 220 km length
[32]. Each area is equipped with two identical round rotor
generators rated 20 kV/900 MVA. The nominal power system
frequency for the test case model is 50 Hz.
For study purposes, in this paper, one of the generators has
been replaced by non-synchronous generation by an aggre-
gated wind farm model.
4Figure 7. Two Area Test System including non-synchronous generation
B. Wind Farm Aggregated Model
The following equation is known to be a good representation
of the mechanical power that can be extracted from the
generator shaft of a wind turbine [33]:
Pt =
1
2
ρAv3Cp (λ, β) (12)
where, ρ is the air density, A is the area swept by the rotor
blades, v is the wind speed, β denotes pitch angle, and Cp
is a function of the pitch angle of the turbine blade. The tip
speed ratio λis defined as:
λ =
ωtR
v
(13)
where, ωt and R are the shaft speed and rotor radium
respectively.
Figure 8 shows a simplified block diagram of the active
power control of a WTG model [33]. The inputs of this block
are the incoming wind, the electrical power injected by the
WTG Pg , and the power set point Pset which is dominated
by the current control injection. Hence, controlling the d-axis
current is the equivalent of controlling the power output and
controlling the q-axis current correspond either to voltage or
reactive power.
The torque is controlled through a speed controller. The
normal approach is to use the rotational speed of the turbine
as input signal. This signal provides a reference torque, if the
electric torque is larger than the mechanical torque the turbine
will decelerate and the electric torque set point will decrease.
The mechanical speed regulation in the power limiting
region is implemented by controlling the blade pitch angle
β. The control signal uβ is given by the following PID control
scheme [34]:
uβ = −Cpt(s) (ωref − ωm) (14)
Cpt(s) = Kpp
(
1 +
1
Tis
+
Tds
1 + γTds
)
(15)
where, ωref is the reference for the regulation, and Kpp,
Ti, Td and γ denote control parameters.
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Figure 8. Active Power Wind Farm Schematic Diagram
The main purpose of the synthetic inertia controller Fsi is
to improve the instantaneous frequency deviation. The active
damping approach is applied to the the current control to
improve the power injection response.
V. SIMULATION RESULTS
A. Current Control Based Active Damping and Synthetic
Inertia Control
Initially the current control based on the active damping
method plus the synthetic inertia (SI) control is tested. The
impact of the proposed controllers, active damping (AD) and
SI are analysed through time-domain simulations carried out
in Matlab/Simulink.
The frequency response is evaluated during an increase in
the load of 600 MW at bus n at t = 80 s. Figure 9shows
the frequency response for three signals where NSI, SI and
SI active damping stands for the no additional/supplementary
control (in grey), the basic current-control and the synthetic
inertia control (in red), and the current control based on the
active damping method plus the synthetic inertia control (in
blue). Figure 10 shows the power injection from the converter.
It also shows the active power signal from a generator (G4)
and the response of the converter, with the basic current
control plus the synthetic inertia control and, with active
damping current-control. The difference between the basic
current control and the one with active damping method.
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Figure 9. Frequency Response after Load is increased
80 85 90 95 100 105 110 115 120
550
600
650
700
Time (s)
A
ct
iv
e 
Po
w
er
 (M
W
)
 
 
PSI
PSI+CCAD
PG4
Figure 10. Power Injection of the converter during an increase in the load
(a) Frequency Nadir (b) Recovering Time
Figure 11. Frequency Response (Nadir and
The changes in the frequency are shown in Figure 11.
The frequency nadir without the synthetic inertia control loop
reaches fmin = 48.11, whereas with the additional controllers
reaches fmin = 48.17 and fmin = 48.15 respectively. Figure
11 also shows that the synthetic control action after being
activated has recovering time.
Furthermore, two more different aspects are presented. The
current and dc link actions. The d-axis current action under
the same frequency event is shown in Figure 12. The current
increases as the frequency drops.
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Figure 12. d-axis current
The vd signal is shown in Figure 13. As it can be seen,
there is a fluctuation due to the frequency drops, however, after
five seconds the voltage reaches a desired value. The stable
operation of the voltage closed-loop control is important for
the stable control operation of the power electronic converter,
generator, and the whole system. The result shows that desired
control response is adequate during the disturbance.
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Figure 13. d-axis voltage
B. Synthetic Inertia Control Adjustment
A second control scenario is presented where the synthetic
control constants are improve remaining the current-control
with the active damping control. The frequency response of
the NSI and the SI with the current control and the synthetic
inertia control loop is shown in Figure 14. From the figure
it can be observed that frequency nadir reduces considerably
with the SI-AD-CC.
The frequency nadir with the both controllers based on
active damping working reaches fmin = 48.76 compared to
the previous control with of fmin = 48.16. The restoration
time
Figure 15 shows the time response of the dc voltage under
the interaction of both the controllers.
VI. CONCLUSIONS
In this paper, current control based on active damping
principles and its effect on the synthetic inertia was presented.
The active damping method was used to improve the current
control loop, in order to improve the the power injection
performance. A modified version of the two area test system
is used where it is integrated into a fully aggregated wind farm
model including the system dynamics.
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Figure 14. Frequency Response with Both AD controllers
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Figure 15. vd time response with Active Damping in both Controllers
It was shown that the frequency response in the test system
was significantly improved. Even though the current control
with the addition of the active damping improved the fre-
quency response, the improvement is more effective with the
variation of the constant in the synthetic control loop.
Since the current control is the core of the VSC it is
necessary to assure that it gives an appropriate response for
and additional power being injected, as being commanded by
the synthetic inertia control during the frequency events.
The robustness of a current-control proves its effectiveness
on the power injection. Therefore the system effort is main-
tained in the correct boundaries.
It was shown that the synthetic inertia control releases
the active power (inertial power), effectively diminishing the
frequency nadir in the test system, however it has been
observed a recovery time for WTG.
It has been observed also how the current and voltage
signals are affected by the frequency events and the response
of the controllers.
Future work might include the modulation model of the
converter in order to evaluate the impact of the control on the
modulation side. Also, it can be applied other control methods
for the synthetic inertia control loop.
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